Background-Digoxin remains commonly used for rate control in atrial fibrillation, but limited data exist supporting this practice and some studies have shown an association with adverse outcomes. We examined the independent association between digoxin and risks of death and hospitalization in adults with incident atrial fibrillation and no heart failure. Methods and Results-We performed a retrospective cohort study of 14 787 age, sex, and high-dimensional propensity score-matched adults with incident atrial fibrillation and no previous heart failure or digoxin use in the AnTicoagulation and Risk factors In Atrial fibrillation-Cardiovascular Research Network (ATRIA-CVRN) study within Kaiser Permanente Northern and Southern California. We examined the independent association between newly initiated digoxin and the risks of death and hospitalization using extended Cox regression. During a median 1.17 (interquartile range, 0.49-1.97) years of follow-up among matched patients with atrial fibrillation, incident digoxin use was associated with higher rates of death (8.3 versus 4.9 per 100 person-years; P<0.001) and hospitalization (60.1 versus 37.2 per 100 person-years; P<0.001). Incident digoxin use was independently associated with a 71% higher risk of death (hazard ratio, 1.71; 95% confidence interval, 1.52-1.93) and a 63% higher risk of hospitalization (hazard ratio, 1.63; 95% confidence interval, 1.56-1.71). Results were consistent in subgroups of age and sex and when using intent-to-treat or on-treatment analytic approaches. Conclusions-In adults with atrial fibrillation, digoxin use was independently associated with higher risks of death and hospitalization. Given other available rate control options, digoxin should be used with caution in the management of atrial fibrillation. (Circ Arrhythm Electrophysiol. 2015;8:49-58.
D igitalis has been used for more than a century for heart rate control in patients with atrial fibrillation (AF), 1 and it remains commonly used for this indication worldwide. 2 Current clinical practice guidelines for the management of atrial fibrillation recommend the use of digoxin alone for resting heart rate control in sedentary individuals, in combination with β-blockers for resting and exercise heart rate control, and in the setting of concurrent systolic heart failure. 3, 4 However, these guidelines are based on small, older clinical studies with limited followup of days to weeks that did not assess the long-term effects of digoxin on mortality or hospitalization. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Although a randomized trial assessing the association between digoxin use and adverse outcomes such as death would be optimal, such a study is unlikely to be performed. Observational studies may be of particular utility for evaluating this association because the indication for digoxin use in AF is heart rate control, which has been shown to have no effect on adverse outcomes such as death in large randomized trials, 15 thus minimizing the risk of confounding by indication. Recent observational studies and post hoc analyses from clinical trials have suggested that digoxin may be linked to excess mortality in atrial fibrillation, [16] [17] [18] [19] but these studies were limited by size and their ability to adjust for confounders and other studies have shown no effect of digoxin on the risk of death. 20, 21 Importantly, all previous studies evaluating the association between digoxin and mortality in patients with AF included high numbers of patients with concurrent heart failure, and the pharmacological risks and benefits may be different in these patients than in those with AF alone.
Given the availability of other alternatives to digoxin for achieving heart rate control, and the limited and conflicting evidence about digoxin and risk of death in atrial fibrillation, we evaluated the independent association between newly initiated digoxin and the risks of death and hospitalization in a large, diverse, community-based cohort of adults with newly diagnosed atrial fibrillation, and no documented heart failure.
Methods

Identification and Characterization of Patients With Incident Atrial Fibrillation
We identified all adults aged ≥21 who were diagnosed with atrial fibrillation (or atrial flutter) in Kaiser Permanente Northern California and Southern California, 2 large, integrated healthcare delivery systems that care for >6.7 million persons who are highly representative of the local and statewide population, except for slightly lower representation at the extremes of age and income ( Figure 1) . 22, 23 Using information from comprehensive health plan clinical and administrative databases, 24 atrial fibrillation was defined as meeting the following criteria between January 1, 2006 and June 30, 2009: ≥1 inpatient admission with a primary discharge diagnosis; or ≥2 outpatient, nonemergency department encounters for atrial fibrillation based on International Classification of Diseases, Ninth Revision codes 427.31 or 427.32 with electrocardiographic evidence of atrial fibrillation or atrial flutter. The index date was assigned based on the first qualifying atrial fibrillation diagnosis, and we focused on the subset of patients with presumed incident atrial fibrillation by excluding patients with any previous inpatient or outpatient diagnosis of atrial fibrillation between 2001 and cohort entry date. We also excluded patients with unknown sex, <12 months of continuous membership or drug benefit before index date, no membership after index date, documented heart failure, or previous cardiac or renal transplant using previously described methods. 25 Institutional review boards of the Kaiser Foundation Research Institute and Kaiser Permanente Southern California approved the study. A waiver of informed consent was obtained because of the nature of the study.
Longitudinal Exposure to Digoxin
We implemented a new user design 26, 27 by excluding all patients with evidence of digoxin use ≤4 years before study entry to focus on outcomes associated with incident digoxin use and remove biases associated with including prevalent drug users.
We characterized use of digoxin in 2 ways (intent-to-treat and time-varying on-treatment exposure) based on estimated day supply information per dispensed prescription and observed refill patterns found in health plan pharmacy databases using previously validated methods. 25, 28 Briefly, for any 2 consecutive prescriptions, we examined the time between the projected end date of the first prescription and the date of the next filled prescription. Given that dose adjustment is not uncommon, we allowed a grace period of 30 days between dispensed prescriptions. Thus, if the time between the projected end date of the first prescription and the fill date of the next prescription was ≤30 days, we considered that individual to be continuously receiving digoxin therapy. If the refill interval was >30 days, then the individual was considered off digoxin therapy starting the day after the projected end date of the first prescription until the date of next filled prescription, if any. Because hospitalized patients receive their medications from the inpatient pharmacy and do not use their outpatient medication supply, we subtracted the number of hospitals days from the subsequent refill interval if there was an interim hospitalization.
Follow-Up and Outcomes
Patients were followed through June 30, 2009 for the outcomes of allcause death and hospitalization from any cause which was the latest date complete data were available at the time of analysis. Patients were censored at the time of health plan disenrollment or the end of followup. Death from any cause was identified from health plan databases (inpatient deaths, proxy report of outpatient deaths), annual California state death certificate files and Social Security Administration Death Master File quarterly updated data files. 29, 30 All-cause and heart failure-related hospitalizations were identified using comprehensive hospital discharge and billing claims databases; heart failure-related hospitalizations were based on primary discharge diagnoses of heart failure based on validated International Classification of Diseases, Ninth Revision codes as previously described. 31, 32 
Age, Sex, and High-Dimensional Propensity Score Matching
A high-dimensional propensity score for the initiation of digoxin was calculated for each person using logistic regression methods that included demographic characteristics and multidimensional patient characteristics. As opposed to standard propensity scoring which includes a limited group of preselected variables, the high-dimensional propensity score is generated automatically by an algorithm that scans through all available data in the Kaiser Permanente electronic medical record from the 3 dimensions of medication prescriptions, diagnoses, and procedures. The algorithm selects the most frequent 200 items from each of these 3 dimensions within a 5-year lookback period and after that selects the 300 best matched parameters out of the initial 600 items for use in the high-dimensional propensity score. 33 This methodology has been shown to approximate point estimates of risk from randomized clinical trials substantially better than standard propensity scoring or regression methodologies. 33, 34 Each digoxin user was matched to a maximum of 3 nondigoxin users (without replacement) based on age (±1 year), sex, and high-dimensional propensity score for the initiation of digoxin (caliper width of ±0.01) on the calendar date of the first digoxin prescription (model c statistic=0.68).
Data on age, sex, self-reported race/ethnicity, and socioeconomic status were obtained from health plan databases. We ascertained relevant medical history documented ≤5 years before cohort entry using previously validated approaches based on International Classification of Diseases, Ninth Revision diagnosis and procedure codes, current procedure terminology procedure codes, laboratory records, and pharmacy records. 25 
WHAT IS KNOWN
• Current clinical practice guidelines recommend the use of digoxin for heart rate control in patients with atrial fibrillation, and it remains widely used worldwide.
• These guidelines are based on small, older clinical studies designed to assess the short-term efficacy of rate control.
WHAT THE STUDY ADDS
• In this retrospective cohort study of 14 787 highdimensional propensity score-matched adults with incident atrial fibrillation and no previous heart failure or digoxin use digoxin use was independently associated with a 71% higher risk of death and a 63% higher risk of hospitalization.
• Results were consistent in subgroups of age and sex and when using intent-to-treat or on-treatment analytic approaches.
• Given these findings and other available rate control options, digoxin should be used with caution in the management of atrial fibrillation. stroke, transient ischemic attack, intracranial hemorrhage, peripheral arterial disease, and valvular heart disease), previous ventricular arrhythmias (ventricular tachycardia or fibrillation), previous cardiac procedures (percutaneous coronary intervention or coronary artery bypass surgery), other cardiovascular risk factors (hypertension, diabetes mellitus, and dyslipidemia), and other coexisting medical illnesses (dementia, depression, thyroid disease, previous gastrointestinal bleed, other bleeding, cancer, lung disease, and liver disease; codes available on request). We ascertained body mass index and blood pressure ≤365 days before cohort entry from ambulatory visit information in health plan electronic medical records. We also characterized baseline kidney function using outpatient serum creatinine concentration values based on an IDMS-traceable assay and estimated glomerular filtration rate (mL/min per 1.73 m 2 ) using the chronic kidney disease epidemiology collaboration equation. 40 We characterized baseline exposure to other relevant cardiovascular medications using similar methods as described above for digoxin based on information from ambulatory pharmacy records for the following medications, such as warfarin, α-adrenergic receptor antagonists, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, diuretics, β-blockers, aldosterone receptor antagonists, calcium channel blockers, nitrates, hydralazine, statins, other lipid lowering agents, antiplatelet agents, and diabetic medications. 31, 32 
Statistical Analysis
All analyses were performed using SAS statistical software, version 9.2 (Cary, NC). We compared the baseline characteristics for the overall cohort and the matched patients prescribed or not prescribed digoxin during follow-up using t test or Wilcoxon rank-sum test for continuous variables and the χ 2 test for categorical variables.
Subsequent analyses were performed in the age, sex, and high-dimensional propensity score-matched cohort to minimize confounding. We next calculated rates (per 100 person-years) with associated 95% confidence limits for death and hospitalization for those who received digoxin during follow-up compared with those who did not receive digoxin. We generated Kaplan-Meier survival curves for the outcomes of mortality and hospitalization, censoring patients at the time of death or loss to follow-up. We conducted extended Cox regression models to examine the independent association between digoxin use in the propensity score-matched cohort and the risk of adverse outcomes. We conducted additional analyses stratified by age and sex.
To assess whether changes in covariates in the follow-up period may confound the relationship between digoxin use and the outcomes of interest, we performed a secondary analysis with additional adjustment for time-updated covariates. In this secondary analysis, we performed extended Cox regression in the propensity score-matched cohort to examine the association of incident digoxin use and the risk of adverse outcomes with additional adjustment for time-updated comorbidities, including development of heart failure, targeted laboratory results, and longitudinal medication use ( Table I in the Data  Supplement) .
Finally, because previous observational studies on this topic have shown discordant findings depending on whether they performed their analyses using an intent to treat or on-treatment analytic method, 16, 21 we performed a secondary analysis in which we examined digoxin use as a time-varying exposure within the propensity score-matched cohort. In this on-treatment analysis, the outcomes of death and hospitalization were only assigned to the digoxin use group if patients were classified as receiving the medication at the time of the event. 
Results
Baseline Characteristics
Between January 2006 and June 2009, we identified 27 288 adults who had incident atrial fibrillation and no previous digoxin use or a history of heart failure (Figure 1 ), of whom 4858 (17.8%) initiated digoxin during follow-up. The age, sex, and high-dimensional propensity score-matched cohort included 14 787 adults, of whom 4231 (28.6%) initiated digoxin during follow-up. Digoxin users were successfully matched to 3 nonusers in 65.4% of cases. After age, sex, and high-dimensional propensity score matching, digoxin users and nonusers were similar in terms of characteristics at study entry (Table 1) . However, digoxin users were slightly older, had lower household income, and had lower body mass index and blood pressure; digoxin users were also more likely to have a history of nongastrointestinal bleeding, cancer, and chronic lung disease. Nondigoxin users were more likely to have a history of acute myocardial infarction and coronary artery bypass surgery and they were more likely to be treated with β-blockers and statins.
Outcomes According to Digoxin Exposure
Median follow-up time in the propensity-matched cohort was 1.17 (interquartile range, 0.49-1.97) years. There were 1140 deaths (473 in digoxin users and 667 in nonusers of digoxin), during follow-up, with a significantly higher rate of death in digoxin users compared with nonusers (8.3 versus 4.9 per 100 person-years, respectively; P<0.001; Figure 2 ). Digoxin Figure 3 ). During follow-up, there were 8456 hospitalizations for any cause in the propensity-matched cohort (3411 in digoxin users versus 5045 in nonusers of digoxin). In the matched cohort, 2176 patients (632 digoxin users and 1544 nonusers of digoxin) were hospitalized and subsequently died during follow-up, and 11 patients (4 digoxin users and 7 nonusers of digoxin) died during hospitalization. There were 903 hospitalizations for heart failure in the propensity matched cohort (512 in digoxin users versus 391 in nonusers of digoxin. The rate of hospitalization was higher for patients who received digoxin compared with those who did not receive digoxin (60.1 versus 37.2 per 100 person-years, respectively; P<0.001; Figure 4 ). Digoxin use was associated with a 63% higher risk of hospitalization (HR, 1.63; 95% CI, 1.56-1.71; Figure 5 ).
Outcomes According to Digoxin Use in Subgroups of Age and Sex
The association between incident digoxin use and the outcomes of death and hospitalization were consistent in subgroups of patient age, with 45% to 115% higher risks of death and hospitalization across all age strata (Figures 3 and 5) . Similarly, in analyses stratified by sex, we observed 60% to 82% higher risks of death and hospitalization for both men and women (Figures 3 and 5 ).
Additional Adjustment for Time-Updated Covariates and On Treatment Analysis
We performed 2 secondary analyses using different analytic approaches to examine the consistency of our primary results.
Results were consistent in analyses in which we additionally adjusted for potentially relevant time-updated comorbidities, including heart failure, targeted laboratory results, and medications. Digoxin use was associated with a 62% higher adjusted risk of death (adjusted HR, 1.62; 95% CI, 1.43-1.84) and a 45% higher adjusted risk of hospitalization for any cause (adjusted HR, 1.45; 95% CI, 1.39-1.52).
Similarly, results were consistent in analyses in which we treated digoxin use as a time-varying variable (on treatment analysis). Digoxin use was associated with a 40% higher risk of death (HR, 1.40; 95% CI, 1.23-1.6) and a 53% higher risk of hospitalization (HR, 1.53; 95% CI, 1.46-1.60).
Digoxin Prescription Dosages and Serum Digoxin Concentrations
Among digoxin users in the matched cohort, mean daily dose of digoxin was 0.164 mg. Mean daily dose of digoxin was not statistically different among those who died compared with those who did not die (0.162 mg daily versus 0.164 mg daily; P=0.30).
Among digoxin users in the matched cohort, serum digoxin concentration was never measured in 31%, measured once in 27%, measured twice in 17%, and ≥3 times in 25% during follow-up. Mean serum digoxin concentration was 0.964 ng/ mL. Mean serum digoxin concentration was higher among those who died compared with those who did not die (1.151 versus 0.935; P<0.001).
Discussion
In a large, age, sex, and high-dimensional propensity scorematched cohort of adults with newly diagnosed atrial fibrillation and no known previous digoxin use or history of heart failure treated in the community, we found that incident digoxin use was independently associated with a 71% higher risk of death and a 63% higher risk of hospitalization. These results were consistent across strata of age and sex. Results were also consistent in secondary analyses in which we included additional adjustment for time-updated comorbidities and medications, and in secondary analyses in which we treated digoxin as a time-varying variable (on treatment analysis).
Digoxin remains commonly used for heart rate control in patients with AF. In a recent survey of AF, patients from 9 countries in Europe, it was prescribed in 19.4% of study subjects, 2 and it was prescribed in 17.8% of incident AF in our cohort. Current clinical practice guidelines 3,4 endorse digoxin use in patients with atrial fibrillation based primarily on small clinical studies designed to assess the short-term efficacy of heart rate control. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] However, these studies had limited follow-up of days to weeks, and did not evaluate long-term mortality or hospitalization. A large randomized trial specifically assessing the long-term safety of digoxin for heart rate control in patients with atrial fibrillation would be optimal for studying this question, but 1 has not been conducted and is unlikely to ever be performed. However, well-conducted observational studies may be of particular utility in evaluating the association between digoxin use in AF and adverse events because heart rate control has been shown in large randomized studies not to be associated with adverse outcomes, 15, 41 minimizing the risk of confounding by indication.
Our results support and substantially extend recent reports from smaller, more limited observational studies demonstrating incident digoxin use is independently associated with a higher risk of death, [16] [17] [18] and contradict the findings of 2 studies showing no association between digoxin and mortality. 20, 21 Notably, 2 post hoc studies of data from the AFFIRM trial 42 showed conflicting results on this topic depending on the analytic strategy used, with 1 study showing an increased risk of mortality associated with digoxin using an on treatment analytic strategy 18 and another study showing no association with mortality using a intent-to-treat analytic strategy. 21 We showed a consistent and substantial increase in mortality and hospitalization risk using both the analytic methods. Importantly, our study is also the first to exclude patients with heart failure. All previous studies on this topic included substantial number of patients with comorbid heart failure, and the mechanisms of risk and benefit may be different than for these patients compared with those who have AF alone.
Although we were not able to assess the specific causes of death in our cohort, digoxin toxicity is well known to be a cause of arrhythmic death. [43] [44] [45] Approximately 30% of the digoxin users in our study never had a serum digoxin concentration measurement and an additional 27% only had it measured once, reflecting the fact that routine surveillance of digoxin levels is not commonly performed in community practice. Among digoxin users who did have serum digoxin concentration measured, levels were significantly higher among those who died compared with those who did not die, which may also be consistent with an arrhythmic cause for the increased mortality risk.
As an observational study of outcomes associated with a therapy used outside of a randomized trial, we cannot completely rule out residual confounding as an explanation for our findings. However, we implemented multiple design and analytic approaches to mitigate treatment selection bias. First, we studied contemporary patients with newly diagnosed atrial fibrillation and no known heart failure, and, therefore, we captured the full natural history of patients and prevented confounding by indication because of concomitant heart failure. Second, we used a new user design 26 to focus on outcomes associated with newly initiated digoxin therapy to avoid biases associated with examining prevalent therapy and outcomes and captured longitudinal exposure to digoxin throughout follow-up. Third, we performed matching using age, sex, and the recently developed high-dimensional propensity score 33 so that the digoxin users and nonusers we compared were similar with regard to potential confounders, including sociodemographic factors, comorbidity, laboratory results, and therapies. Results were also consistent in secondary analyses in which we included additional adjustment for time-updated comorbidities, including heart failure, laboratories, and medications, and in secondary analyses in which we treated digoxin as a time-varying exposure (on treatment analysis).
Our study was conducted within 2 large healthcare delivery systems in California, so the results may not be fully generalizable to all populations and practice settings, although our study included the largest and most diverse sample of adults with incident atrial fibrillation treated in clinical practice reported to date, which argues for greater generalizability. In addition, our results cannot be applied to those with concurrent heart failure and atrial fibrillation as we specifically excluded patients with known heart failure to mitigate confounding by indication.
Conclusions
We found that incident digoxin use was independently associated with higher risks of death and hospitalization in patients with atrial fibrillation and no known heart failure. These results were consistent across strata of age and sex and in secondary analyses using different analytic strategies. Given other available rate control options, digoxin should be used with caution in the management of atrial fibrillation.
